Introduction
The molecular sequelae of histone deacetylase (HDAC) inhibition are diverse and involve numerous signaling pathways and biologic processes that are key to carcinogenesis and cancer progression (1) (2) (3) . HDAC inhibitors directly cause hyperacetylation of nucleosomal histones leading to tight coiling of chromatin and silencing of expression of genes implicated in the regulation of cell survival, proliferation, differentiation, and apoptosis (4) (5) (6) (7) . They also impact on other cellular activities, interfering with the recruitment of particular transcription factors to the promoter region of genes that include tumor suppressors (5) , and inhibiting hsp90 by inducing its acetylation with the resultant depletion of hsp90 client proteins including cell-cycle proteins (e.g., cdk4), tyrosine kinases (e.g., HER2, insulin-like growth factor 1 receptor, MET receptor) and nuclear steroid hormone receptors (e.g., estrogen and androgen receptors; refs. [8] [9] [10] . HDAC inhibitors are considered promising therapeutic compounds due to their multimodal anticancer effects and potential for combinatorial use with other targeted agents, conventional cytotoxic chemotherapy and radiotherapy (11, 12) . Multiple compounds in this new class have been in clinical development with vorinostat and romidepsin having gained U.S. Food and Drug Administration (FDA) approval for the treatment of patients with refractory peripheral and cutaneous T-cell lymphoma (13) (14) (15) (16) .
The hydroxamate HDAC inhibitor, resminostat (formerly 4SC-201, BYK408740), is an oral, potent, pan-inhibitor of class I and II HDAC enzymes. Resminostat inhibits proliferation of a large variety of rodent and human cancer cell lines at sub-to-low micromolar concentrations (Investigator's Brochure, version 5, 2010) . Consistent with these findings, dose-dependent induction of histone H3 hyperacetylation and endogenous p 21waf1 were observed in HeLa cells when treated with resminostat. In multiple myeloma cells, proapoptotic signals were seen with increased levels of Bim and Bax, activation of caspases 3, 8, and 9 and concomitant decrease in levels of Bcl-xL with the application of resminostat (17) . Significant antitumor activity was observed after administration in various xenograft tumor models at tolerable oral doses, including the A549 lung cancer model where substantial dose-dependent efficacy of resminostat was shown. In fact, the in vivo preclinical efficacy of resminostat was equal to or higher than that evidenced with currently approved HDAC inhibitors. Additive or synergistic activities of resminostat in combination with conventional chemotherapeutic or novel targeted agents were also elicited in these models.
The primary objective of this first-in-human (FIH) study was to investigate the safety and tolerability of repeated oral doses of resminostat using a standard 3þ3 dose-escalation design. Secondary objectives were to identify a dose-schedule for phase II studies, assess pharmacokinetic and pharmacodynamic profiles and evaluate anticancer activity. Pharmacodynamic biomarker assays investigating HDAC enzyme activity and histone acetylation were included to provide proof of on-target activity of resminostat to optimally guide the choice of the recommended phase II dose (RP2D).
Patients and Methods

Patient eligibility
Adult patients with histologically proven advanced solid tumors refractory to standard therapy or for whom no standard therapy existed were eligible. All patients had at least one lesion measurable by response evaluation criteria in solid tumors (RECIST) version 1.0 (18) , progressive disease at study entry, Eastern Cooperative Oncology Group performance status (ECOG PS) of 0-1, and expected life expectancy of more than 3 months. Acceptable liver, renal, and bone marrow function including normal serum electrolytes were mandatory. Patients were required to have recovered from the acute toxicities of any prior therapy and were not allowed any anticancer treatment or major surgery in the 4 weeks preceding trial registration. Patients with clinically significant cardiac or pulmonary disease, symptomatic brain metastasis, active infection, prolonged QT/QT c interval at baseline or previous treatment with an HDAC inhibitor were ineligible.
Trial design and treatment plan
This first-in-man, open label, dose-escalation single-center study was conducted at the Drug Development Unit, The Royal Marsden NHS Foundation Trust (Sutton, Surrey, UK) after approval by local institutional review boards and conducted in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki. All patients provided written informed consent before any trial procedure was conducted.
The dose of 100 mg administered once-daily on days 1 to 5 every 14 days was chosen as the recommended safe starting dose in humans based on the no observed adverse effect level (NOAEL) and maximum tolerated dose (MTD) in 5-day rodent and dog species studies. The days 1 to 5 every 14-day treatment schedule was chosen based on preclinical data of resminostat and experience with other HDAC inhibitors; the intention was to implement a drugfree period to allow recovery from acute toxicities such as myelosuppression and to limit chronic or cumulative toxicities such as fatigue to maximise the administered dose of resminostat. Four dose levels (100, 200, 400, and 800 mg) were planned; the interim dose level of 600 mg was implemented during the conduct of the study. Intrapatient dose escalation was not permitted.
Resminostat was administered orally (per os) as capsules once-daily within 30 minutes after a light meal, accompanied by 240 mL of noncarbonated water at room temperature, on days 1 to 5 every 14 days. Patients fasted for 1 hour postdose on pharmacokinetic sampling days (1, 5, and 47).
Three to 6 patients were included at each dose level, dependent on the outcome of safety and tolerability evaluations. All patients tolerating the drug were dosed for 4 two-weekly cycles and those showing signs of clinical benefit were given the option of entry into the continuation period during which the use of resminostat was continued in the same way and patients were assessed
Translational Relevance
In this first-in-human study, the novel oral hydroxamate pan-HDAC inhibitor resminostat was safely administered and well tolerated when used as a single agent at doses associated with therapeutically relevant plasma concentrations, with evidence of antitumor activity. The choice of a recommended phase II dose/ schedule was jointly guided by data on safety and pharmacokinetic profiles, coupled to observations of optimal modulation of pharmacodynamic markers including HDAC enzyme inhibition and histone acetylation at the chosen dose level. Resminostat did not show any major, dose-limiting hematologic toxicity at the dose levels assessed and has the potential to be used in combination with myelosuppressive anticancer agents. Resminostat is currently being evaluated in phase II clinical trials in combination with sorafenib in hepatocellular carcinoma, with standard FOLFIRI treatment in colorectal carcinoma, and as monotherapy in relapsed/refractory Hodgkin lymphoma, with encouraging safety and efficacy profiles. every 2 weeks for adverse events until progression of disease or discontinuation from study for any other reason.
A traditional 3þ3 phase I clinical trial design, and standard dose-limiting toxicity (DLT) and maximum tolerated dose (MTD) criteria were used. Adverse events were graded and reported according to NCI-CTC-AE version 3.0 (19) from commencement of dosing to 30 days after the last administered dose. DLTs were based on toxicities observed in the first 14 days (first cycle). A DLT was defined as: (i) grade 4 neutropenia lasting > 5 days or associated with fever >38.5 C; (ii) grade 4 thrombocytopenia; (iii) any drug-related nonhematologic grade 3 or 4 toxicity with the exceptions of nausea and vomiting, diarrhoea, rash, arthralgia, and myalgia if supportive interventions were unsuccessful; and (iv) toxicities deemed dose limiting in the opinion of investigators. Fatigue and elevations of GGT were considered dose-limiting if they were of grade 4 severity.
According to the protocol definitions, when a DLT was observed in !2 of 3 or 6 patients in any dose cohort, the preceding dose level was declared the MTD provided that the DLT was observed in 1 of 6 treated patients treated at that level. A patient was evaluable if he/she received five consecutive daily doses of resminostat and all mandatory safety evaluations were carried out during the 9 days following the first dose. Patients who did not meet these minimum study requirements were considered ineligible for the MDT-determining population. Dose adjustments were allowed subsequent to the resolution of toxicities to grade 1 within 2 weeks of the preceding dose.
Procedures
Safety evaluations included medical history, physical examination, vital signs, height, weight, review of concomitant medications, and assessment of ECOG performance status (PS). Laboratory studies included urinalysis, full blood count, clotting screen, and a comprehensive biochemical and electrolyte panel. A pregnancy test in women of childbearing potential was conducted at baseline and before each cycle (C).
Patients were assessed at baseline and during the treatment period (C1-4) on days 1 and 2, 5, 8, 15, 19, 29, 33, 43 , and 47. For cardiac safety assessments, 12-lead electrocardiographs (ECG) at rest were carried out predose (within 2 hours), and at 1, 2, 3, 4, 5, 6, 8, and 10 hours postdose on days 1 and 5. On other visit days, ECG assessments were conducted predose and at 1, 2, 4, and 6 to 8 hours postdose. In addition, continuous ECG monitoring was conducted for up to 24 hours postdose on day 1 for each patient. On day 8, one ECG was recorded (72 hours after the last drug administration on day 5) together with a monitoring of concomitant medication and adverse events. Troponin and CK-MB assessments were scheduled at screening and the end-of-study, and at the end of each treatment day during main phase of the trial. They were also carried out if deemed necessary by the investigators.
During the continuation treatment phase, staging was repeated every four treatment cycles (8 weeks). Safety assessments, including vital signs and physical examination, clinical laboratory, ECG, and assessment of adverse events were carried out every 2 to 4 weeks.
Pharmacokinetic studies
Peripheral blood samples for pharmacokinetic analysis were collected on day 1 of C1 at pre-dose, 15 minutes, 30 minutes, 45 minutes, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10 and 24 hours postdose. On days 5 and 47, as patients were not hospitalized, blood was collected at multiple time points from predose up to 8 hours postdose. Each 2 mL sample was collected in EDTA, placed on ice, and centrifuged for 10 minutes at 2,700 Â g at 4 C; plasma obtained was stored at À80 C until further analysis. Quantitative analysis of resminostat in the collected plasma samples was conducted by Nycomed GmbH using a validated high-performance liquid chromatography/tandem mass spectrometry method.
Pharmacodynamic studies
Blood samples were taken from all patients for pharmacodynamic studies at the following time points: C1D1 predose and 2, 5, 8, and 24 hours postdose; C1D5; and C4D5 (day 47) predose, 2, 5, and 6 to 8 hours postdose. On day 8, one sample was taken from each patient in the 800 mg dose cohort only.
Histone acetylation. Blood samples in citrate were collected for isolation of peripheral blood mononuclear cells (PBMC) in Leucosep tubes. Briefly, erythrocytes were lysed by incubation with Erylysis-Buffer (Qiagen) for 4 minutes, followed by washing with PBS and centrifugation at 400 Â g at room temperature for 7 minutes. Cell pellets were then rapidly collected in liquid nitrogen before storage at À80 C until further analysis. The status of histone H4 acetylation on N-terminal residues was analyzed by Western blotting as follows: PBMCs were first lysed with radioimmunoprecipitation assay buffer, samples with equal protein concentration were then separated using SDS-PAGE followed by the transfer of proteins to a polyvinylidene difluoride membrane, and finally, detection of acetylated H4 histones using specific antibodies (Calbiochem). b-Actin levels were assessed to provide a reference for equal protein loading. Signal analysis was conducted by densitometric scanning of blots.
Cellular HDAC enzyme activity assay. One mL aliquots of whole citrate blood were incubated for 2 hours at 37 C with the fluorescent HDAC substrate Boc-K(Ac)-AMC. Following erythrocyte lysis, the remaining cells were stored at À80
C until further processing. For determination of HDAC activity, cells were incubated with a developer reagent which led to cell lysis and generation of a fluorescence signal from the deacetylated substrate. The signal was measured by fluorimetry and degree of HDAC activity could thus be calculated (17) .
Data analyses
Pharmacokinetics. Pharmacokinetic parameter estimates for drug plasma concentration were calculated by . The primary pharmacokinetic variables that were studied included AUC 0-¥ , C max , and t 1/2 , and these were log-transformed before analysis.
Histone acetylation. Densitometric data analysis was conducted with AIDA Image Analyser 3.52 software. Acetylated H4 signal intensities were normalized to b-actin signals and the relative induction factors (postdose) were calculated relative to the signal of each untreated patient on day 1 (predose).
Enzyme activity. The measurements in the multi-label counter were expressed as fluorescence units. For analysis of treatment effect, the percentage of enzyme activity/inhibition was calculated. Here, the activity/fluorescent signal with the use of an untreated control was defined as providing 100% activity, whereas the value obtained after addition of 10 mmol/L trichostatin A was defined as 100% inhibition.
Tumor response
Computed tomography (CT) and/or MRI scans were carried out every 8 weeks for up to 6 months of resminostat treatment and every 12 weeks thereafter. Response was evaluated using RECIST 1.0 criteria (18) .
Results
Patient characteristics
Nineteen patients (10 female, 9 male) received at least one dose of resminostat between September 2007 and January 2009. The median age was 58 years (range 39-70). Twenty six percent of patients were of ECOG PS 0. All patients had confirmed progressive metastatic disease at study entry with a median of 3 sites of metastatic disease (range 2-5) and a median of 2 previous lines of chemotherapy (range 0-6). Baseline patient and tumor characteristics are detailed in Table 1 .
Treatment
A total of 68 treatment cycles were administered to 19 patients at 5 different dose levels [100 mg (n ¼ 3); 200 mg (n ¼ 3); 400 mg (n ¼ 3); 600 mg (n ¼ 3); 800 mg (n ¼ 7)] during the main study phase. The duration of treatment was consistent across the dose levels, with a median of 4 cycles being administered in all dose levels except 200 mg (median 3, range 2-4). Tumor types Colorectal 
Safety and tolerability
Resminostat was generally well-tolerated and the majority of adverse events were mild to moderate in severity. No treatment-related deaths occurred during the study. No patient discontinued or withdrew from the trial due to drug-related adverse events.
DLT/MTD. Eighteen of 19 patients were evaluable for determination of the MTD. One patient with advanced pancreatic carcinoma treated in the 800 mg cohort experienced dose-limiting events during the first treatment cycle comprising grade 3 nausea and vomiting despite supportive antiemetic therapy, in addition to grade 2 alanine transaminase (ALT) increase and grade 1 hypokalemia and thrombocytopenia. No other DLT was reported during the study. At the 800 mg dose level, treatment-related side effects occurring outside of the DLT-defining period, including gastrointestinal toxicities and fatigue, necessitated dose reductions in 3 of 7 patients. For example, a patient with endometrial carcinoma treated at the 800 mg dose level experienced grade 3 hypokalemia secondary to grade 2 nausea and vomiting in cycle 2 and the dose of resminostat was reduced for her in subsequent treatment cycles. Therefore, cumulative chronic fatigue and gastrointestinal toxicities were deemed to be dose limiting at the 800 mg dose level.
Serious adverse events. A total of 3 treatment-related serious adverse events (SAE) were reported in 2 patients (11%), both of whom were treated in the 800 mg cohort.
One patient required hospitalization in cycle 1 due to grade 3 nausea and vomiting, and again in cycle 2 due to grade 3 elevation of aspartate aminotransferase (AST). Another patient experienced grade 3 hypokalemia secondary to grade 2 nausea and vomiting during treatment in cycle 2. These adverse events resolved fully following brief drug holidays and the affected patients resumed resminostat treatment at reduced doses. Seven patients (37%) experienced SAEs that were unrelated to treatment, including 2 patients (11%) who died due to progressive disease during the follow-up observation period after discontinuation of resminostat.
Adverse event profile. During the main study phase, that is, the first 4 treatment cycles, the most frequently reported adverse event, irrespective of causality and grade, was nausea, observed in 41 of 68 administered cycles (60%); in 40 of these cycles, nausea was grade 1-2 in severity with grade 3 nausea reported in one cycle. The other most frequently reported adverse events included fatigue (27 cycles, 40%), anorexia (21 cycles, 31%), dysgeusia (16 cycles, 24%), and vomiting (15 cycles, 22%). Grade 3 fatigue was reported in 3 treatment cycles.
The most common treatment-related adverse events, irrespective of grade, were nausea (13 patients, 68%), fatigue (8 patients, 42%), vomiting (7 patients, 37%) and anorexia (5 patients, 26%). In addition, 4 patients (21%) experienced grade 1-2 dysgeusia. No grade 4 treatment-related adverse event was observed. Arrhythmia related clinical adverse events observed in the main study phase with the exception of laboratory findings which are described below.
Cardiac safety. No drug-related clinical symptom or sign of cardiac impairment was observed. Assessments using 12-lead resting ECGs and continuous telemetric ECG monitoring during day 1 did not reveal any clinically relevant findings. Central review of ECG data detected a moderate dose-dependent increase in heart rate of 20 to 30 beats per minute. According to central cardiology review, nonspecific changes in T wave morphology such as flattening, notching or slight inversion, were detected at all dose levels except 400 mg (100 mg: 99 ECGs, 200 mg: 99 ECGs, 600 mg: 72 ECGs, and 800 mg: 105 ECGs). Discrete ST depression (<1 mm) was observed at all dose levels except 200 mg (100 mg: 2 ECGs, 400 mg: 40 ECGs, 600 mg: 3 ECGs, and 800 mg: 15 ECGs). These changes were considered to be clinically insignificant by the investigators and were deemed not to be specifically associated with cardiac ischemia. We note also that transient grade 1 ST depression was observed in 1 patient with markedly increased heart rate (124-159 bpm) treated at the 400 mg dose level; this occurred in the absence of any accompanying symptom or sign, and resolved spontaneously without any intervention. No clear correlation between ST depression and heart rate was observed in all other study patients. Absolute values of QT c B or QT c F intervals >480 ms were not detected in central analyses; QT c F values >450 ms were observed in 1 patient only at screening and on C1D1. Another patient developed atrial fibrillation but this was considered unlikely to be drug-related by the investigator as it occurred one week after discontinuation of resminostat treatment and the patient had preexisting arterial hypertension and significant aortocaval lymphadenopathy. No clinically significant abnormalities in troponin I and CK-MB levels were detected.
Hematologic adverse events. Anemia was the most common hematologic abnormality and was reported in 17 patients (89%) regardless of causality; grade 2 and 3 anemia were observed in 9 (47%) and 2 (11%) patients, respectively. Grade 1-2 leukopenia was observed in 7 patients (37%) with no grade 3-4 leukopenia reported. Neutropenia was observed in 4 patients (21%); one patient experienced grade 3 neutropenia which was considered nontreatment related. No febrile neutropenia or neutropenic infection was reported. Lymphopenia was observed in 89% of patients and reached grade 2 and 3 in 42% and 21% of patients, respectively; grade 4 lymphopenia was not detected. Of note, 10 patients had grade 1 anemia and 11 patients had grade 1-2 lymphopenia at baseline before resminostat treatment. Grade 1-2 thrombocytopenia was seen in 7 patients (37%) but was not associated with bleeding; there was no evidence of grade 3-4 thrombocytopenia.
Hepatic adverse events. Abnormalities in liver function tests were frequently reported, but were mostly malignancyrelated and of grades 1 to 2 in severity. The most frequently reported hepatic abnormality regardless of causality was g-glutaryltranspeptidase (GGT) elevation; this was reported in 15 patients (80%) in total. Grade 3 elevation of GGT was recorded in 2 patients (11%) but elevated levels (grades 1 and 3) were already observed at baseline in them. While ALT and AST abnormalities were observed in more than half of the treated patients and reported in 22% and 21% of all administered cycles, respectively, elevation of ALT and AST levels were limited to grade 1 and 2 except for 1 patient with grade 3 increase of AST which was deemed to be treatmentrelated. This AST abnormality resolved to baseline levels (grade 1) on a reduced dose of 400 mg of resminostat. No grade 3-4 abnormality in the levels of alkaline phosphatase or total bilirubin was recorded.
Electrolyte imbalances. Abnormal serum electrolyte values were common: hypokalemia and hyponatremia were both reported in 11 patients (58%) with grade 1 events in 9 (47%) patients and grade 3 events in 2 (11%) patients. Grade 3 hypokalemia was reported in 3 cycles; in both patients, vomiting occurred within 3 days before the observation of hypokalemia and was likely to be causative. Grade 3 hyponatremia was reported in 2 cycles; in one instance, this was preceded by vomiting. Hypermagnesemia was reported in 5 patients (26%) with 1 patient experiencing grade 3 severity. No grade 3 or 4 abnormality in calcium level was observed.
Clotting screen abnormalities. No clinically significant change in the clotting screen was detected except for an ovarian cancer patient with grade 2 deep vein thrombosis (treated with warfarin) and arterial hypertension already present at baseline. In this patient, elevated fibrinogen and partial thromboplastin time and thrombocytopenia were observed before the start of treatment cycle 4. These abnormalities resolved (to normality) following administration of fresh frozen plasma and protamine with continuation of cycle 4 following a one-day delay; these events were deemed not to be treatment-related by the investigators.
Dose delays, modifications, and reductions
Of a total of 68 administered cycles, no treatment delay was implemented due to treatment-related adverse event. The duration of treatment was consistent across dose levels with a median of 4 cycles being administered at all dose levels except 200 mg (median 3, range 2-4). Fifty-four cycles (78%) were administered in their entirety with all 5 doses taken. Of the 19 enrolled patients, 4 (21%) omitted doses and 4 (21%) underwent 5 dose reductions altogether due to treatment-related AEs. In particular, drug-related fatigue led to dose reductions in 4 patients and an omission in 1 patient; these occurred in 3 patients treated at dose level 800 mg and 1 patient at dose level 600 mg.
Pharmacokinetic studies
Pharmacokinetic parameters of resminostat were obtained from all dose cohorts and are summarized in Table  3 . Observed peak plasma concentration C max after single dosing on day 1 was attained between 0.5 to 6 hours (median value at 2 hours) for all doses. Mean values increased in a dose-dependent manner from 487 ng/mL at the 100 mg dose level to 4,970 ng/mL at the 800 mg dose level. Terminal plasma elimination half-life on day 1 for all The same pattern of pharmacokinetic characteristics was also observed on day 5 after repeated doses. There was no significant change in both the AUC and C max between treatment days 1 and 5 for all studied dose levels. The number of patients with plasma sampling on day 47 was limited (n ¼ 10) but in these patients, comparison of pharmacokinetic characteristics between days 5 and 47 did not reveal any significant difference.
Pharmacodynamic studies
HDAC enzyme activity. The degree of HDAC enzyme inhibition measured by a functional enzyme assay in PBMCs was dose-dependent and ranged from 50% to 100%. Enzyme inhibition was time-dependent and reversible in all dose groups. Drug plasma levels were related to HDAC enzyme inhibition during dose escalation; statistical correlation of the degree of HDAC inhibition at 2 hour post-dose on day 1 for all dose levels with drug plasma concentrations at the same time point revealed a coefficient of determination, R 2 , of 0.875, and resminostat concentration at 50% of HDAC enzyme inhibition of 306 ng/ml using the Hill model (Supplementary Figure 1 ) (20) . Maximal enzyme inhibition of up to 100% was detected at dose levels !400mg after single dose administration and on days 5 and 47 following repeated dosing (Fig. 1a) .
Histone acetylation. The median histone H4 acetylation level increased by at least 4-to 5-fold after dosing at all studied dose levels; a marked increase (10 fold) was observed at the 800 mg dose level. A high degree of interpatient variability in hyperacetylation status was observed, particularly in the cohort of patients treated at the 800 mg dose level (Fig. 1b) .
Recommended phase II dose
On the basis of the safety, pharmacokinetic, and pharmacodynamic data, 600 mg resminostat administered orally once-daily on days 1 to 5 every 14 days was declared the RP2D. Antitumor activity A total of 18 patients (95%) were evaluable for response by RECIST. One patient treated in the 800 mg dose level was not evaluable for response, having discontinued from the study during the first cycle, with no evidence of progressive disease and not undergone any on-treatment efficacy assessment. Eleven patients (58%, 95% confidence interval: 34-80) had stable disease (SD) lasting >8 weeks. Three of 3 patients in the 600 mg dose group and 5 of 6 patients treated on the 800 mg dose level achieved SD; in contrast, 3 of 9 patients treated at the lower dose levels achieved SD. A patient with metastatic thymoma achieved SD as best RECIST-based response but showed a 27% reduction in the sum of the longest diameters of tumor target lesions and remained on study for 8.7 months (19 cycles) (Fig. 2) . Another patient with liposarcoma remained on study with SD for 14.2 months (31 cycles), having confirmed disease progression before trial participation.
Discussion
In this first-in-human study, resminostat was well tolerated at the tested doses and schedule with no unexpected toxicities. Fatigue and gastrointestinal toxicities were cumulative and led to dose reductions at the 800 mg dose level; the formally defined MTD was not reached with 1 of 6 evaluable patients sustaining a DLT at this dose level. Pharmacokinetics was linear across the dose range tested while HDAC enzyme inhibition was satisfactorily achieved at doses !400 mg. On the basis of the combined safety, pharmacokinetic, and pharmacodynamic profiles, 600 mg resminostat given once-daily for 5 days in a 14-day cycle was declared as the RP2D. This well-tolerated dose-schedule showed biologic activity coupled to signs of clinical efficacy with long-term dosing.
The clinical toxicities of resminostat are consistent with those reported for other HDAC inhibitors (21) . Principal treatment-related adverse events included fatigue (42% of patients), and nausea and vomiting (68% and 37%, respectively); the latter two symptoms were manageable with the use of standard antiemetics. In contrast with other known HDAC inhibitors, at the dose range tested, resminostat did not cause clinically significant myelosuppression. Anemia and lymphopenia were the most frequent hematologic abnormalities reported (89% of patients), with no grade 4 events observed. Of note, almost 60% of patients had anemia or lymphopenia at baseline before resminostat treatment. Leucopenia and thrombocytopenia were less common (37% and 37%, respectively), and were limited to grade 1 or 2. Neutropenia was rare but one patient developed grade 3 neutropenia which was considered to be nontreatment related; no febrile neutropenia or neutropenic infection was reported. This profile suggests that the future development of resminostat in combination with myelosuppressive agents will be feasible. Prolongation of the QT c interval has been reported in patients treated with other HDAC inhibitors (22, 23) . In contrast, central review of all ECGs recorded in this study revealed no evidence of significant changes in the QT c interval, suggesting that resminostat does not impact on the duration of myocardial repolarization at the dose range and schedule tested. A moderate increase of the heart rate associated with drug administration was observed in some patients. At doses !400 mg, nonspecific flattening of T-wave and/or slight depression of the STsegment was seen as previously described with other HDAC inhibitors. Notwithstanding the absence of significant QT c interval prolongation and clinically important cardiac adverse events, the monitoring and prompt correction (if abnormal) of plasma levels of potassium and magnesium are recommended before commencement of treatment. Of importance, potential gastrointestinal toxicities including nausea, vomiting, and diarrhea can cause electrolyte imbalance predisposing patients to cardiac rhythm changes (24) . These can be difficult to differentiate from direct potential cardiac effects of HDAC inhibitors.
The observed inter and intrapatient variability of single-and multiple pharmacokinetic dose profiles was low. Pharmacokinetic data did not indicate any trend to accumulation as expected (in the context of the dosing regimen) due to the relatively short plasma elimination half-life of approximately 4 hours. A dose proportional increase in AUC and C max for all dose levels and at different days was observed. There was no change in t 1/2 with dose increments, indicating linear pharmacokinetics within the tested dose range. No time-dependent pharmacokinetic characteristic was observed to suggest the saturation or inhibition of any clinically relevant elimination mechanism. The high plasma exposure observed indicates good oral bioavailability in this setting.
Pharmacodynamic assessments comprising functional assessment of HDAC enzyme inhibition and histone acetylation status provided proof-of-target modulation by resminostat. In the histone H4 acetylation assay, a median increase of acetylation by at least 5-fold after resminostat dosing was observed at all dose levels. Although a median 10-fold increase in the degree of histone H4 acetylation was observed at the highest dose level of 800 mg, interpatient variability was markedly high in this dose cohort. Densitometric quantification of H4 acetylation is, however, relatively insensitive and imprecise. Hence, we additionally incorporated the use of a robust, analytically validated, and novel functional enzyme assay of HDAC activity in this study. Using this assay, we observed that HDAC enzyme inhibition was correlated to drug plasma concentrations and that maximal inhibition (i.e., 100%) of HDAC was achieved at dose levels !400 mg. These pharmacodynamic biomarker readouts crucially augmented confidence in the choice of a RP2D. Figure 2 . Tumor shrinkage (stable disease by RECIST) in a 42-year old female patient with mediastinal thymoma (CT-based assessments). Reduction in the extent of extensive pleural-based deposit (arrows) and pulmonary infiltrate was observed after 4 treatment cycles.
A B
Currently, there exists a wide range of potent, structurally diverse HDAC inhibitors. The reasons underlying the distinct toxicity profiles of different HDAC inhibitors are poorly understood but may be due to differences in ADME properties, HDAC isotype inhibition profiles and/or offtarget effects (1, 12, (21) (22) (23) . Nonetheless, HDAC inhibitors seem to share a common adverse event profile, which includes gastrointestinal disturbances and myelosuppression. In contrast with other HDAC inhibitors, at the studied dose levels, resminostat did not cause significant myelosuppression, which renders it a potentially suitable agent for combinatorial use with myelosuppressive drugs, and the absence of clinically significant cardiac events including QT c interval prolongation was also striking. These are in spite of clear evidence of target modulation at the RP2D. Of note, direct comparison of the degree of pharmacodynamic marker modulation by resminostat with other HDAC inhibitors is difficult to make due to lack of published data. Moreover, dissimilar assays used in different clinical trials and the novelty of the HDAC enzyme inhibition assay presented in this study further restrict any comparative analysis.
In this study, 11 patients (58%) achieved SD as best response at 8 weeks of treatment (4 cycles). One patient with thymoma showed a marginal response lasting 8.7 months. Of interest, belinostat, an inhibitor of HDAC class I and II enzymes, showed clinical activity in a phase II study of 32 patients with recurrent or metastatic thymoma and thymic carcinoma (25) . Evaluation of resminostat as monotherapy in a phase II clinical trial of patients with relapsed/ refractory Hodgkin lymphoma after high dose chemotherapy and autologous hematopoietic stem cell transplantation has yielded encouraging results; in a heavily pretreated group of patients (median of 6 prior lines of therapy), the reported objective response rate by an independent central review board in an interim analysis was 33% (11 of 33 evaluable patients) by the Cheson or European Organisation for Research and Treatment of Cancer (EORTC) criteria with a clinical benefit rate of 55% (18/33 patients; refs. 26, 27) . Resminostat is also being developed in combination with sorafenib in hepatocellular carcinoma (29) and with standard FOLFIRI treatment in colorectal cancer (ClinicalTrials.gov NCT01277406). Overall, emerging tolerability and efficacy data from these ongoing studies are promising and the final results are awaited (28, 29) .
In summary, this first-in-human study showed that the novel, hydroxamate, pan-HDAC inhibitor resminostat is well tolerated and can be safely administered to patients with a RP2D of 600 mg per os once-daily on days 1 to 5 every 14 days. Favorable pharmacokinetic properties with satisfactory target modulation were confirmed, and signs of clinical activity were elicited with the use of resminostat as monotherapy.
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